Phylloquinone (PhQ) is found predominantly in thylakoid membranes of photosynthetic tissues where it functions in photosystem I electron transport. PhQ has also been detected in plasma membranes, but neither the molecular basis nor the significance of this noncanonical pathway has been elucidated. Here we provide evidence of plasma membrane PhQ biosynthesis in a non-photosynthetic holoparasite Phelipanche aegyptiaca. A nonphotosynthetic role is supported by transcription of the entire suite of PhQ biosynthetic genes, plasma membrane-localization of the terminal enzymes, and detection of PhQ in Phelipanche seeds. Analysis of PhQ-coexpressed genes in the holoparasite revealed increased cellular commitment to oxidation-reduction and defense relative to photosynthetic parasites. Coexpression network inference identified oxidoreductases involved in plasma membrane electron transport, implicating PhQ in a transmembrane redox relay associated with parasitism. Plasma membrane PhQ biosynthesis is also predicted to occur in photoautotrophic taxa via alternative splicing, suggesting nonplastidial PhQ is evolutionarily conserved.
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Phylloquinone (PhQ) is found predominantly in thylakoid membranes of photosynthetic tissues where it functions in photosystem I electron transport. PhQ has also been detected in plasma membranes, but neither the molecular basis nor the significance of this noncanonical pathway has been elucidated. Here we provide evidence of plasma membrane PhQ biosynthesis in a non-photosynthetic holoparasite Phelipanche aegyptiaca. A nonphotosynthetic role is supported by transcription of the entire suite of PhQ biosynthetic genes, plasma membrane-localization of the terminal enzymes, and detection of PhQ in Phelipanche seeds. Analysis of PhQ-coexpressed genes in the holoparasite revealed increased cellular commitment to oxidation-reduction and defense relative to photosynthetic parasites. Coexpression network inference identified oxidoreductases involved in plasma membrane electron transport, implicating PhQ in a transmembrane redox relay associated with parasitism. Plasma membrane PhQ biosynthesis is also predicted to occur in photoautotrophic taxa via alternative splicing, suggesting nonplastidial PhQ is evolutionarily conserved.
Phylloquinone (PhQ or vitamin K1) is a membrane-bound naphthoquinone derivative wellcharacterized for its role in photosynthetic electron transport (1) . Accordingly, PhQ is found predominantly in thylakoids, and PhQ-deficient Arabidopsis thaliana mutants are seedling-lethal or growth-impaired due to reduced photosystem I (PSI) function (2) . PhQ has recently emerged as a redox partner in oxidative protein folding in both cyanobacteria and plants (3, 4) . PhQ has also been detected in plasma membrane (PM) preparations of maize roots, raising the possibility that PhQ may function in transmembrane electron transport similar to its eubacterial counterpart menaquinone (5, 6) . However, molecular evidence in support of PM-PhQ biosynthesis remains elusive.
The PhQ biosynthetic pathway has an endosymbiotic origin, comprising a series of "Men" proteins named after their eubacterial homologs (2) . We have observed in multiple photosynthetic taxa that PhQ pathway genes have measurable expression in heterotrophic tissues. However, disentangling the non-photosynthetic function of PhQ from its canonical role has been challenging, due to difficulty in ascertaining heterotrophic state. We therefore exploited parasitic plants as a study system, reasoning that PhQ biosynthesis in an obligate, non-photosynthetic parasite, if substantiated, would facilitate investigation of PhQ functions outside PSI. We mined the transcript assemblies from the Parasitic Plant Genome Project (7), covering the full range of photosynthetic capacities in the Orobanchaceae family, including an obligate holoparasite Phelipanche aegyptiaca, an obligate hemiparasite Striga hermonthica, and a facultative hemiparasite Triphysaria versicolor. Full-length coding sequences were identified for ICS and MenE genes in P. aegyptiaca, along with partial assemblies of other PhQ pathway genes. Fragmented transcripts may represent nonfunctional relics of genes undergoing degeneration, or may reflect technical limitations of de novo assembly that prevented identification of the full complement of PhQ biosynthetic genes.
We addressed the fragmented assembly challenge by developing PLAS (Parallelized Local Assembly of Sequences), a pipeline that combines reference-guided mapping (against the Mimulus proteome in this case) with iterative de novo assembly for transcriptome reconstruction. When applied to the parasitic RNA-seq datasets, we successfully recovered full-length transcripts for all PhQ genes with intact ORFs from the holoparasite (data S1). These transcripts showed moderate to high abundances during P. aegyptiaca development (Fig. 1A) . Two multifunctional genes recently implicated in PhQ biosynthesis were either poorly expressed (NAD(P)H DEHYDROGENASE C1, FPKM<10) or not recovered (PHYTYL-PHOSPHATE KINASE). These genes are also involved in the biosynthesis and redox cycle of α-tocopherol (8, 9) . The interconnection between PhQ biosynthesis and other plastid-derived metabolites (2) is therefore absent or reduced in the holoparasite. Among the canonical PhQ biosynthesis genes, PHYLLO, MenE and DHNAT transcripts were detected at similar levels in the three parasites. However, the expression patterns of ICS, MenB, MenA and MenG differed between the nonphotosynthetic P. aegyptiaca and its photosynthetic relatives, especially in response to germination stimulants and haustorium-inducing factors (HIFs) during early development (Fig.  1A) . These data strongly support a role for PhQ beyond photosynthesis, and hint at divergent regulation of PhQ biosynthesis associated with photosynthetic and non-photosynthetic functions. HPLC analysis confirmed the presence of PhQ in germinated P. aegyptiaca seeds prior to haustorium initiation (Fig. 1B) , with an estimated level of 0.05±0.02 pmol/mg dry weight (n=3). For reference, PhQ level in A. thaliana seed was 0.12±0.03 pmol/mg dry weight (n=3) (Fig. 1C) .
Intracellular compartmentalization is a hallmark of PhQ biosynthesis in plants, with the early and late pathway steps occurring in the plastid, and the intermediate steps in peroxisomes (10) . We asked whether PhQ biosynthetic enzymes in P. aegyptiaca exhibit altered subcellular targeting that would support non-photosynthetic functions. Protein subcellular localization analyses predicted plastid-and peroxisome-targeting of early (PaICS and PaPHYLLO) and intermediate (PaMenE, PaMenB and PaDHNAT) pathway steps, respectively (table S1, figs. S1-S3), similar to their orthologs in photoautotrophic taxa (2) . However, the predicted polypeptides of terminate enzymes PaMenA and PaMenG were substantially shorter at the N-terminus when compared to their A. thaliana orthologs (figs. S4-5) . The N-truncated PaMenA and PaMenG scored poorly for plastid-targeting with multiple prediction programs (Fig. 1D) , suggesting their non-plastid localization. MenA is a chloroplast envelop enzyme (11) , consistent with the prediction of AtMenA and PaMenA as integral membrane proteins (Fig. 1E) . The absence of an N-terminal plastid-targeting peptide in PaMenA suggests its localization to other membranes. By expressing 35S:PaMenA-GFP in stably transformed Nicotiana benthamiana, we demonstrated PM localization of PaMenA (Fig. 1F) . MenG catalyzes the terminal step in thylakoid membranes (12) . We showed that GFP fused to the N-truncated PaMenG was localized to PM in transgenic N. benthamiana leaves (Fig. 1G) . The PM-localized PaMenA-GFP and PaMenG-GFP signals were distinguishable from tonoplast GFP signals in guard cells and trichomes ( fig. S6 ). The data indicated a redirection of PhQ biosynthesis to PM in the non-photosynthetic P. aegyptiaca.
To bolster this finding, we mined the 1000 Plants database (13) , and found that MenA transcripts from several other holoparasites, including Orobanche fasciculata and Conopholis americana of Orobanchaceae, and Cuscuta campestris of Convolvulaceae, also lack plastid-targeting sequences ( fig. S4 ). By contrast, the predicted N-termini of MenA from closely-related photosynthetic taxa resemble those of S. hermonthica and T. versicolor ( fig. S4 ). In the case of MenG, transcripts encoding both long (MenG1) and short (MenG2) isoforms (with or without the plastid transient peptide, respectively) were identified in photosynthetic S. hermonthica, T. versicolor, and Kigelia africana, but only the N-truncated short isoform was found in holoparasites ( fig. S5 ). The two MenG isoforms likely arose from a gene duplication event in the common ancestor of Lamiales. Interestingly, N-truncated MenG2 was the dominant transcript in both S. hermonthica and T. versicolor (Fig. 1A) . MenG1 encoding the plastidial isoform was detected at low levels in photosynthetic parasites, and was lost in multiple N-truncated MenA and MenG isoforms are also predicted to occur in A. thaliana via alternative splicing, based on the ARAPORT11 genome release (Fig. 1D) . The alternative splice junctions of AtMenA.1 (At1g60600.1), AtMenG.2 and AtMenG.3 (At1g23360.2 and At1g23360.3, with identical coding sequence) were supported by ESTs (GenBank accessions AV832198, AV829761 and AI993608). We surveyed available plant genomes at Phytozome (v11) and identified multiple dicot and monocot species with alternative splicing at both loci that could give rise to N-truncated isoforms with poor plastid-targeting prediction (Fig. 1D ). In agreement with the prediction, stable expression of 35S:AtMenA.1-GFP in transgenic N. benthamiana leaves showed localization to PMs (Fig. 1H) , instead of plastids as reported for AtmenA.2 (14) . We interpret the results to suggest that PM-PhQ biosynthesis is evolutionarily conserved in angiosperms. Dual subcellular localization in photosynthetic species is afforded via alternative splicing of the terminal PhQ biosynthetic genes, whereas in non-photosynthetic holoparasites, relaxed selection in plastid-targeting sequences led to degeneration of the transient peptide and PM-targeting of the terminal enzymes. Our data thus provide molecular evidence to corroborate previous detection of PhQ in plant PM preparations (5, 6) .
Coexpression analysis revealed high levels of coregulation among PhQ genes in the holoparasite P. aegyptiaca, but not in the photosynthetically competent S. hermonthica and T. versicolor, particularly between early-and late-pathway genes ( Fig. 2A-C) . Given that PhQ genes were also tightly coregulated in photosynthetic tissues of green plants ( fig. S7 ), lessened co-expression in S. hermonthica and T. versicolor is consistent with dual involvement of those genes in plastid and PM PhQ biosynthesis. To shed light on PM-PhQ functions, we extracted the top 500 most highly-correlated transcripts for each PhQ gene. The union set contained 2447, 3677 and 3930 unique transcripts for P. aegyptiaca, S. hermonthica and T. versicolor, respectively. The smaller P. aegyptiaca dataset is consistent with stronger coexpression of PhQ genes when compared to S. hermonthica and T. versicolor. Subsets of Gene Ontology (GO)-annotated (Biological Process) transcripts (645, 1199 and 1173 for P. aegyptiaca, S. hermonthica and T. versicolor, respectively) were then subjected to functional enrichment analysis. Transcripts associated with photosynthesis-related processes comprised 3-4% of the GOannotated transcripts in photosynthetic parasites, but were negligible in P. aegyptiaca (Fig. 2D ). With the loss of photosynthetic capacity, non-photosynthetic functions of PhQ are expected to become more enriched in P. aegyptiaca. We found increased proportions of transcripts associated with oxidation-reduction process, protein phosphorylation and defense response in P. aegyptiaca relative to S. hermonthica and T. versicolor (Fig. 2D ). Similar patterns were observed when we used a different criterion (Gini correlation coefficient ≥0.8) to select PhQ-coexpressed transcripts ( fig. S8 ). The increased enrichment of P. aegyptiaca PhQ-coexpressed genes in oxidationreduction and defense-related processes is consistent with PhQ serving as a membrane-bound redox-active cofactor.
We focused on transcripts assigned to oxidation-reduction, defense and photosynthesis GO terms for coexpression network analysis. Inclusion of orthologs from all three species resulted in 359, 544 and 559 non-redundant transcripts from P. aegyptiaca, S. hermonthica and T. versicolor, respectively (data S2). Network visualization of coexpression patterns revealed striking differences. Two dense modules were detected for photosynthetic S. hermonthica and T. versicolor; one was enriched with photosynthesis genes (Fig. 3A, green nodes) while the other contained known parasitism genes (blue, cyan and magenta nodes, see below). However, only one dense module containing parasitism genes was detected for the non-photosynthetic P. aegyptiaca. The PhQ genes (orange nodes) were highly interconnected with parasitism genes in the P. aegyptiaca network, but were scattered over the two modules in both S. hermonthica and T. versicolor networks. We ranked genes by the number of edges they shared with PhQ genes (referred to as kPhQ) in each network, and observed a strong enrichment of PhQ-interconnected genes in the smaller P. aegyptiaca network. More than 23% of P. aegyptiaca nodes had a kPhQ =4-6 (i.e., connected with a majority of the PhQ genes). However, less than 3% of the S. hermonthica and T. versicolor nodes met the same criterion (kPhQ ≥5 of 9-10 PhQ genes), and only 10 and 15% of their respective nodes had a kPhQ ≥4 (Fig. 3A, kPhQ bars) .
We validated the P. aegyptiaca PhQ network using oxidoreductases known to be involved in parasitism. Several peroxidases, including SaPOXA and SaPOXB from S. asiatica and PrPOX1 and PrPRX1 of P. ramosa, are specifically expressed in radicles actively secreting peroxidases, and their encoded proteins can oxidize a range of host cell wall-derived phenolics into benzoquinones for haustorium induction (15) (16) (17) . We identified seven corresponding orthologs from the parasitic species investigated here (Fig. 3B , blue clade). Transcripts of P. aegyptiaca orthologs were detected at high levels throughout seed germination and haustorium initiation, in sharp contrast to the patterns observed for S. hermonthica and T. versicolor orthologs (Fig. 3C) . The PhQ-coexpression strength (kPhQ) of these peroxidases was highest in P. aegyptiaca, followed by S. hermonthica. However, PhQ coexpression was not observed for the T. versicolor orthologs, or for orthologs in the neighboring clade of the phylogenetic tree (Fig. 3B) . Thus, the PhQ-coexpression of the secretory peroxidases appeared to be positively correlated with parasitism. Another parasitism gene QR1 encodes an NAD(P)H-dependent quinone reductase, which reduces host-derived quinones into highly reactive semiquinones that have been reported to function in haustorium induction (18) . QR1 transcripts were identified in all three parasites, but were not coexpressed with PhQ genes. In P. aegyptiaca specifically, QR1 transcript levels were higher in imbibed than germinated seeds, whereas PhQ gene expression peaked at or after seed germination (Fig. 1A vs. 3D ). These findings placed PhQ and PhQ-coexpressed genes downstream of QR1 in haustorium signaling.
We next explored the P. aegyptiaca PhQ subnetwork for redox proteins involved in transmembrane electron flow. Membrane-associated NAD(P)H-oxidoreductases (QRs/NQRs) are an integral component of electron transport (19, 20) . Two groups of flavin-containing QRs/NQRs are potential candidates, one represented by QR2 (21) and its A. thaliana orthologs/genome duplicates At5g54500 and At4g27270, and the other by NQR1/At3g27890 (22) . The parasitic NQR1 orthologs were not captured in the PhQ networks. However, QR2 transcripts exhibited strong PhQ-coexpression in P. aegyptiaca (kPhQ =4) and S. hermonthica (kPhQ =3) (Fig. 3E ), in line with QR2 responsiveness to HIFs during haustorium formation of Phtheirospermum japonicum and S. asiatica (23, 24) . These findings, along with the reported PM-association of AtQR2s (25) , support QR2 involvement in the PM redox system. Membranebound NAD(P)H oxidase (NOX) is another key component of the electron transport chain, and partially purified NOX from soybean PMs was shown to catalyze oxidation of reduced PhQ (26) . Despite this early finding and despite extensive studies of the plant respiratory burst oxidase homologs, identity of the oxidases involved in trans-PM electron transport remains elusive. We found only one NOX ortholog in the S. hermonthica network (Fig. 3F , kPhQ = 3), and its counterpart in S. asiatica (SaNOX1) was recently shown to be root-specific and HIF-responsive (24) . The P. aegyptiaca transcriptome lacked NOX1, but a ferric-chelate reductase (PaFRO1) exhibited strong PhQ-coexpression (kPhQ = 4) (Fig. 3F) . Interestingly, FRO1 transcript was not recovered in the NOX1-harboring S. hermonthica. FROs are PM-localized flavoproteins involved in electron transfer associated with metal ion homeostasis (19) . The PhQ-coexpressed PaFRO1 is orthologous to the A. thaliana AtFRO4/AtFRO5 tandem duplicates that encode copper-chelate reductases necessary for copper acquisition by root tips (27) . This suggests that the trans-PM redox system for copper uptake in roots might have been co-opted for parasitic signaling and haustorium development in P. aegyptiaca. The FRO1/NOX1 may also facilitate redox exchange for disulfide bond formation in oxidative protein folding (26) , a process that has been shown to involve PhQ as a cofactor in both plants and cyanobacteria (3, 4) .
The early stages of parasitic lifecycle can be characterized as a continuum of oxidative events, from perception of host signals and activation of HIFs, to host penetration and vascular connection (20, 28) . Redox regulation is also integral to defense and to normal development, such as germination, root elongation, and cell wall remodeling (20) . The redox-active PM-PhQ may function in all of the above processes, but based on the expression profiles of PhQ pathway genes (Fig. 1A) , the PM-PhQ most likely participates in the redox relay associated with haustorium initiation and development. Our observation that many of the PhQ pathway genes and their co-regulated redox proteins exhibited different expression profiles between P. aegyptiaca and its photosynthetic relatives underscores the parasitic diversity (28) , with increased specialization in signaling mechanisms of the holoparasite. Repurposing PhQ for PMredox signaling during haustorium initiation thus represents another example of parasitic plants adapting common pathways for parasitism.
Beyond potential roles in parasite development and signal transduction, these data demonstrate that PhQ is biosynthesized and functions in non-photosynthetic plants. Given the conservation of PM-PhQ biosynthesis in angiosperms, the existence of alternative functions of PhQ in P. aegyptiaca offers an unequivocal basis for identifying non-photosynthetic functions in photoautotrophic species.
